Targeting of proteins requires a signal recognition particle (SRP) and multiple protein interactions. Results: We observed a decrease in the structural dynamics of cpSRP43 and an increase in substrate affinity upon its binding to cpSRP54. Conclusion: Changes in domain dynamics induced by cpSRP subunit interactions mediate substrate affinity. Significance: Relating structure and dynamics of SRP proteins allows for a better understanding of vectorial targeting within cells.
Protein targeting is critical in all living organisms and involves a signal recognition particle (SRP), an SRP receptor, and a translocase. In co-translational targeting, interactions among these proteins are mediated by the ribosome. In chloroplasts, the light-harvesting chlorophyll-binding protein (LHCP) in the thylakoid membrane is targeted post-translationally without a ribosome. A multidomain chloroplast-specific subunit of the SRP, cpSRP43, is proposed to take on the role of coordinating the sequence of targeting events. Here, we demonstrate that cpSRP43 exhibits significant interdomain dynamics that are reduced upon binding its SRP binding partner, cpSRP54. We showed that the affinity of cpSRP43 for the binding motif of LHCP (L18) increases when cpSRP43 is complexed to the binding motif of cpSRP54 (cpSRP54 pep ). These results support the conclusion that substrate binding to the chloroplast SRP is modulated by protein structural dynamics in which a major role of cpSRP54 is to improve substrate binding efficiency to the cpSRP.
Protein targeting in cells occurs via a wide variety of sorting pathways depending on both the synthesis site and target location of the protein. Some proteins are targeted co-translationally with central involvement of the ribosome, whereas other proteins are targeted post-translationally. For example, in chloroplasts, nuclearly encoded thylakoid proteins are routed from the stroma to the thylakoid membrane following their import from the cytosol via multiple pathways (1, 2) . The multiple pathways accommodate the various transport requirements of a broad range of proteins that function in the thylakoid lumen or in the lipid bilayer. One of the most important of these nuclearly encoded proteins is the light-harvesting chlorophyll-binding proteins (LHCPs). 4 A unique chloroplast signal recognition particle (cpSRP) pathway has evolved in the stroma to target this protein without the need for the ribosome to coordinate the sequence of targeting events. Similar to SRPs in the cytosol of pro-and eukaryotes, cpSRP in the stroma contains a conserved 54-kDa GTPase (cpSRP54), although an RNA moiety is conspicuously absent (3) . Fractionation of chloroplast stroma proteins demonstrated that cpSRP54 is present in two pools (4) . One pool is associated with ribosomes and appears to function in co-translational targeting of proteins to the chloroplast. A second cpSRP54 pool is present in a heterodimeric complex bound to cpSRP43, a 43-kDa protein that is unique to chloro-plasts (5-7). The cpSRP heterodimer functions post-translationally to bind and target full-length LHCP targeting substrates to the thylakoid membrane by a ribosome-independent mechanism (3) . cpSRP43 therefore appears to take on the role of the ribosome in coordinating the sequence of protein targeting events.
The only known targeting substrates of the post-translational cpSRP localization pathway are LHCPs, a protein family encoded by lhca and lhcb genes in Arabidopsis. LHCPs coordinate pigment binding in peripheral photosystem 1 and 2 lightharvesting complexes. The importance of the post-translational cpSRP-based targeting mechanism is apparent when considering that LHCPs can account for up to 50% of the bulk protein in thylakoids, making them one of the most abundant membrane proteins on earth (8) . Like other nuclearly encoded thylakoid proteins, LHCPs are synthesized in the cytosol as fulllength precursor proteins and imported into the chloroplast stroma as directed by a cleavable N-terminal chloroplast-targeting domain (1, 2) . Processing of the chloroplast targeting peptide yields a mature sized LHCP in the stroma that is targeted to thylakoid membranes as a soluble cpSRP-LHCP complex termed "transit complex" (4, 7, 9) .
Binding of LHCP to cpSRP serves to maintain the solubility and insertion competence of LHCPs (10) . In vitro studies demonstrate that addition of LHCPs to heterodimeric cpSRP, but not to cpSRP54 or cpSRP43 alone, reconstitutes transit complex formation and supports LHCP insertion into isolated thylakoids by a mechanism that requires GTP, the protein insertase Albino3 (Alb3), and cpFtsY, a GTPase homologue of the SRP receptor in bacteria (3, 11) . Cross-linking studies indicate that cpSRP54 interacts with LHCPs in transit complex (6) , but cpSRP54 alone shows no binding to LHCPs. In contrast, cpSRP43 alone and in transit complex binds LHCPs because of its interaction with a conserved LHCP motif, termed L18 (12, 13) . This interaction is required for transit complex formation and for ATP-independent chaperone activity exhibited by cpSRP43 alone (14, 15) . The cpSRP43 chaperone activity is likely important for efficient transit complex formation that leads to additional interaction of LHCP transmembrane domains 2 and 3 with cpSRP43 (16, 17) . Vectorial light-harvesting complex targeting to the thylakoid membrane relies on both cpSRP subunits. cpSRP54 exhibits affinity for lipid-bound cpFtsY (18) , and cpSRP43 interacts with Alb3 (19 -21) . The timing of both LHCP release from cpSRP and release of cpSRP from its membrane-bound receptor is triggered by interaction between cpSRP43 with Alb3 (19) . The central importance of cpSRP43 is underscored by its range of interaction partners and the abundance of interaction domains that dominate its structure: three chromatin-binding domains (CDs) and four Ankyrin repeats (Anks) (3) . We hypothesize that the order of these interactions will be controlled through changes in cpSRP43 structural dynamics that alter the relative position of these domains in response to association of cpSRP43 with each of its binding partners. It is this hypothesis that forms the basis of the present study.
Single molecule fluorescence has proven to be extremely powerful for studying the biophysics of complex biological systems, such as folding of proteins and RNA (22) (23) (24) (25) (26) , biomolecular diffusion on membranes and cells (27) (28) (29) (30) , protein-protein interactions (31) , and protein conformational dynamics (32) (33) (34) . In this study, we used single molecule FRET (smFRET) (35, 36) to probe the interdomain conformational dynamics of cpSRP43 and how they are affected by binding cpSRP54. We used the crystal (17, 37) and NMR structures (38) as well as SAXS data (15) of cpSRP43 to design mutants for site-specific labeling within its various domains for the smFRET studies. All-atom and coarse grained molecular dynamics simulations are used to support the smFRET data and provide more detailed structural models. Our results show that cpSRP43 alone exhibits wide interdomain conformational dynamic heterogeneity (i.e. high flexibility) but upon binding to cpSRP54 shows reduced regional flexibility. We hypothesized that this reduced flexibility favors binding of LHCP targeting substrates, and this was then tested using isothermal titration calorimetry (ITC). We found that the affinity of cpSRP43 for L18 increased by ϳ3-fold when cpSRP43 was complexed with a cpSRP54 peptide that corresponds to the cpSRP43 binding site on cpSRP54. Together, these findings support a model in which cpSRP54 modulates the structural dynamics of cpSRP43, which is critical for the promotion of efficient binding and localization of LHCP targeting substrates.
Experimental Procedures
Protein Cloning, Expression, Purification, and Quantification-For our smFRET experiments, we designed six cpSRP43 constructs, each having two cysteine residues for specifically labeling with Alexa Fluor 488 and Alexa Fluor 594 or Alexa Fluor 546 (see Table 1 ). Among the six double Cys cpSRP43 proteins, P1, P2, P3, P4, and P5 are full-length cpSRP43 (GenBank accession number AAD01509, residues 60 -376), and P4⌬ contains only the CD2 and CD3 domains (residues 268 -376). Endogenous Cys residues are found at positions 179 (Ank2) and 301 (CD2); these sites were mutated to Ala when the Cys residues were desired in a different location. Additional Cys residues were introduced at amino acid positions 89 (CD1), 181 (Ank2), 265 (Ank4), and 333 (CD3). Briefly, primer-encoded point mutations were introduced into the coding sequence of mature cpSRP43 (starting with amino acid sequence AAVQRN) by PCR. The resulting product was cloned into pGEX-6P-2 (GE Healthcare) using BamHI and EcoRI sites. All constructs were sequence-verified by Molecular Resource Laboratory, University of Arkansas for Medical Sciences, Little Rock, AR. Each plasmid was then transformed into BL21 Star for isopropyl 1-thio-␤-D-galactopyranoside-induced expression followed by affinity purification and tag cleavage as described previously (19) . The concentration of purified protein was estimated by Coomassie Blue staining using bovine serum albumin as a standard.
Fluorescence Labeling-Two labeling strategies were used for our experiments. First, to determine whether labeling affects the integration efficiency, we used a large dye:protein ratio to ensure that no unlabeled protein was left but with the possibility of increasing nonspecific labeling. Second, since smFRET experiments require that there be as little nonspecific labeling as possible, and because unlabeled proteins do not interfere with the smFRET assay, underlabeling is preferable to overla-beling. Thus, to label cpSRP43 for testing the integration efficiency, 20 M single cysteine mutants of cpSRP43 were incubated with 2 mM Alexa Fluor 488-C 5 -maleimide in pH 6.8 PBS buffer at room temperature for 30 min. To label double cysteine mutants of cpSRP43 for smFRET experiments, 20 M doublecysteine mutants of cpSRP43 were incubated with 0.1 mM Alexa Fluor 488-C 5 -maleimide and 0.2 mM Alexa Fluor 594-C 5 -maleimide (or 0.2 mM Alexa Fluor 546-C 5 -maleimide) in pH 6.8 PBS buffer at room temperature for 30 min. A cysteine-free mutant of cpSRP43 was used to test for nonspecific dye labeling. In all cases, labeled cpSRP43 was then separated from excess free dyes using a Bio-Gel P-6DG desalting gel filtration column and HKM elution buffer (10 mM HEPES, 10 mM MgCl 2 , and 100 mM KCl). The ensemble fluorescence spectra were measured with a PerkinElmer Life Sciences LS55 fluorometer with excitation at 485 nm. The average labeling efficiency (dye:protein ratio) upon using the large excess of dyes to ensure maximal labeling for the integration assays was consistent for all mutants and found to be ϳ1:1.7, suggesting some degree of nonspecific binding at this high dye concentration. For the FRET-labeled cpSRP43, it can be expected that there is a mixture of single donor-or single acceptor-labeled protein, double donor-or double acceptor-labeled protein, and single donoracceptor (FRET-labeled) protein due to simultaneous statistical dye labeling. Because single or double donor only-labeled proteins contribute to the zero FRET peak, the dye concentrations were chosen to ensure a low amount of donor only-labeled protein compared with acceptor only-labeled protein. The average labeling efficiency for using the lower dye:protein ratios was similar for all double cysteine mutants and found to be ϳ1:0.2: 0.4 (protein:donor:acceptor), ensuring that underlabeling did indeed occur. Control experiments confirmed that single or double acceptor only-labeled cpSRP43 proteins are not detectable in our single molecule experiments due to the low excitation probability of the acceptor dye with 485 nm light.
Integration Activity of Labeled Proteins-Labeled proteins were examined for their ability to support integration as described previously (18) . Briefly, thylakoids were isolated from 10 -12-day-old pea seedlings and salt-washed. In vitro transcribed LHCP was translated using [ 35 S]methionine in a wheat germ system to produce radiolabeled LHCP (translation product). Salt-washed thylakoids, translation product, recombinant cpSRP54, recombinant cpFtsY, GTP, and appropriate cpSRP43 construct were incubated at 25°C for 30 min under light. Thylakoids were reisolated, washed, and protease-treated for analysis by SDS-PAGE and phosphorimaging. The shift in size of the translation product to a smaller fragment is characteristic of LHCP that is properly inserted into the thylakoid membrane and hence partially protease-protected.
Single Molecule FRET Experiments and Data AnalysissmFRET experiments were performed in pH 8.0 HKM buffer using a MicroTime 200 microscope (Picoquant GmbH, Berlin, Germany) controlled by SymPhoTime software from Picoquant, collecting fluorescence on a photon-by-photon basis. A water immersion objective with a numerical aperture of 1.3 was used for collecting single molecule fluorescence with a 100-m pinhole used in the fluorescence detection path to suppress out-of-focus fluorescence. The excitation laser wavelength was 485 nm at a power of 75 microwatts. A dichroic mirror (FF562-Di03) was used for splitting the Alexa Fluor 488 and Alexa Fluor 594 or Alexa Fluor 546 fluorescence signals into two avalanche photodiode detectors. High quality fluorescence emission filters 520/35 and 620/60 or 605/55 were placed in front of each avalanche photodiode detector, respectively, for collecting the Alexa Fluor 488 and Alexa Fluor 594 or Alexa Fluor 546 fluorescence. The donor to acceptor leak-through was calculated to be 6% using Alexa Fluor 594 as the acceptor and 10% using Alexa Fluor 546 as the acceptor with a ␥ correction factor of 0.5. ␥ is used to balance the donor and acceptor signals and was determined by measuring the fluorescence intensities in the donor channel of bulk Alexa Fluor 488 solution and in the acceptor channel of bulk Alexa Fluor 594 or Alexa Fluor 546 solution that has the same A at 485 nm using the same experimental setup as for smFRET experiments. For smFRET experiments, the fluorescently labeled cpSRP43 protein concentration was ϳ200 pM. The femtoliter confocal laser focus was placed ϳ30 m above the number 1 glass coverslip surface, collecting 20-min-long burst traces.
Diffusion smFRET experiments measured the fluorescence burst intensities of donor and acceptor dye-labeled single cpSRP43 proteins that diffuse through the femtoliter confocal laser focus with a diffusion time of ϳ1-2 ms. The single molecule data analysis for obtaining smFRET histograms was performed on 1-ms binned two-color fluorescence traces generated from the SymPhoTime software from photon-by-photon data. Using home-made Matlab codes, the single protein bursts were selected out from the traces only when the total burst intensity meets the threshold of 15 counts/ms, and then the FRET value was calculated by E ϭ I A /(I A ϩ ␥I D ) with ␥ empirically determined to be 0.5. The smFRET histogram was then obtained from compiling the FRET values for all the detected bursts.
To check the rotational freedom of the dyes after being conjugated to the protein, the polarization of the emission from Alexa Fluor 488-labeled cpSRP43 proteins was measured using the same setup as FRET except that a polarizing beam splitter was placed in the emission pathway instead of the dichroic mirror. Because the exciting laser is polarized, the two detectors therefore measure the intensity of horizontal and vertical polarized emission following polarized excitation.
Fluorescence Correlation Spectroscopy-Fluorescence correlation spectroscopy experiments were carried out in the microscope with parameters identical to those in the smFRET experiments except that the labeled cpSRP43 was diluted to 1 nM concentration and then unlabeled, wild-type cpSRP54 was titrated in up to 3 M concentration. The data were fit to a single diffusing species in the absence of cpSRP54 and when 3 M cpSRP54 was added to obtain diffusion coefficients for the unbound cpSRP43 and bound complex, respectively. For intermediate concentrations, two diffusing species were fit with these fixed diffusion coefficients but with varying relative amplitudes from which the fraction of bound complex could be calculated.
Protein Immobilization-Alexa Fluor 488 and Alexa Fluor 546 FRET-labeled cpSRP43 proteins were subsequently labeled with biotin and purified using a Bio-Gel P-6DG desalting gel filtration column. cpSRP43 was then immobilized onto PEGmodified glass surfaces to enable the recording of two-color fluorescence traces from single cpSRP43 proteins. 10 M FRETlabeled cpSRP43 was incubated with 20-fold molar excess sulfo-NHS-LC-LC-biotin (Thermo Scientific) at pH 8.0 for 2 h at 4°C. The reaction mixture was then passed through a BioGel P-6DG desalting gel filtration column to remove excess biotin. The PEG-modified glass surface was freshly made by adding 20 l of 30 mg/ml silane-PEG-biotin and silane-PEG (Nanocs) at a 1:100 molar ratio in ethanol:water (95%:5% (v/v)) to a flow cell made of thoroughly cleaned glass coverslips bound by double-sided Scotch tape. The flow cells were allowed to incubate for 2 h at 4°C and then thoroughly washed with Millipore water. Fluorescence images were taken before performing the single molecule FRET experiment to ensure that the background fluorescence from the surface was negligible.
All-atom Molecular Dynamics Simulations-The crystal structure for cpSRP43 CD1-CD2 (Protein Data Bank code 3UI2) was used for the 100-ns simulations (37) . Two different structures were prepared, one containing the cpSRP54 peptide and one with the peptide removed. Both were equilibrated separately. Another construct in which the NMR CD3 structure (Protein Data Bank code 1X3P) was attached to the C terminus of the 3UI2 structure was produced (38) . For this, structure 18 of 1X3P was submitted to the ModRefine server followed by energy minimization in SYBYL-X using the AMBER-FF99 force field. Next, the CD1-CD2 3UI2 structure and the refined CD3 structure were aligned with the cpSRP43 SAXS density produced from the dummy atom model (provided by the Shan group, Caltech) with Situs using a combination of manual and automated fitting in UCSF Chimera (15, 39, 40) . Because fitting required adjusting the linking region between Ank4 and CD2 such that CD2 is distant from Ank4, and to keep the structure modifications to a minimum, this fitting was used as a guide to attach CD3 to CD2 in the unaltered 3UI2 structure. This structure was used in the simulations needed to prepare the shapebased coarse grained (SBCG) model.
After an initial minimization of the structure, the protein was solvated, leaving a minimum of 10-Å distance between the protein and the solvent box edge. The system was neutralized with NaCl, and the effective salt concentration was set to 0.150 M. To prepare the structure for production runs, the system was subjected to several refinement steps to relax the backbone, side chains, and surrounding water molecules and ions. Equilibration of the system was carried out in the NPT ensemble using NAMD 2.9 and the CHARMM27 force field (41, 42) . A temperature of 300 K was maintained using Langevin dynamics with a damping coefficient of 1 ps Ϫ1 . A constant pressure of 1 atm was maintained using the Langevin piston method with a period of 100 fs and a decay time of 50 fs. Long range electrostatic interactions were computed using the particle mesh Ewald method with periodic boundary conditions. Electrostatic and van der Waals interactions were cut off beyond a distance of 12 Å using switching functions beginning at 10 Å. All hydrogen atoms were kept rigid. The simulation time step was 1 fs unless stated otherwise. In the first step of preparation, the protein side chains were minimized for 10,000 steps with the backbone atoms fixed in the absence of water and ions. The resulting structure was solvated as described above. To facilitate the relaxation of water around the protein, all protein atoms were fixed, and the system was subjected to 1,500 steps of minimization and 50 ps of dynamics. For further relaxation of the solvent system around the protein, harmonic constraints were used on the protein atoms with a force constant of 1 kcal/(mol Å 2 ). In the final step before production runs, a gradual temperature increase from 0 to 300 K was implemented. Temperature reassignment by an increment of 10 K every 2 ps was used to reach 300 K followed by 250 ps of dynamics. Production run preparedness was determined based upon leveling of the root mean square deviations and energy fluctuations.
To evaluate flexible regions in the 3UI2 proteins, simulations of 100 ns were performed. A 2-fs time step was used for these runs with all other parameters identical to the last 250 ps of the final equilibration run. Backbone root mean square deviations were evaluated using the root mean square deviation trajectory tool and the simulations visualized and C␣ distances measured in VMD (43) . The full-length cpSRP43 structure was simulated similarly for a total of 5 ns with harmonic restraints on the backbone atoms of CD3 with a force constant of 1 kcal/(mol Å 2 ). Restraints were used because of instability of the CD3 domain observed in prior simulations.
SBCG Modeling-The minimized cpSRP43 from the allatom cpSRP43 CD1-CD3 run was used for the SBCG building. The coarse grained model building methods are as described (44) . The VMD CGTools plug-in was used to build a 30-bead model using 25,000 iterations following the chain connectivity of the all-atom structure. The mass and charge of each bead was determined based upon the atoms assigned to them. Hydrophobic interactions were modeled via a Lennard-Jones potential with the parameters determined from the all-atom structure, setting the maximum well depth to 10 kcal/mol and adding an additional 1 Å to the Lennard-Jones radius. Bonded interactions were modeled via a harmonic potential. For further refinement, the appropriate values were extracted from the restrained all-atom simulation. Briefly, several iterations of short SBCG simulation were run to determine the effective force constants in the coarse model that were individually adjusted between iterations to improve the agreement with the values obtained from the all-atom simulation.
A temperature of 300 K was maintained using Langevin dynamics with a damping coefficient of 2 ps Ϫ1 . Periodic boundary conditions were used with a cut-off beyond a distance of 35 Å using switching functions beginning at 20 Å. Boundaries were selected such that the beads in the adjacent systems would be non-interacting. The simulation time step for simulations was 100 fs. To improve sampling of configurational space, each construct was simulated a total of 20 s 12 times using different random number seeds in each simulation.
Isothermal Titration Calorimetry-All isothermal titration calorimetric experiments were performed at 25°C using a VP-ITC (MicroCal Inc., Northampton, MA). The concentration of protein samples used in the isothermal titration calorimetry was estimated using the Bradford micro-dye binding assay. The concentration of the peptides (cpSRP54 pep and L18 peptide) was estimated by the Scopes method using 205 nm absorbance (45) . Protein and peptide samples were centrifuged at 4°C at 13,000 rpm for 15 min prior to the ITC experiments to remove any aggregated or precipitated material(s). All sample solutions were degassed under vacuum and equilibrated for 30 min prior to titration. 0.025 mM cpSRP43 (10 mM HEPES, 10 mM MgCl 2 buffer, pH 8.0) was placed in a reaction cell and titrated with 0.25 mM L18 peptide dissolved in the same buffer. The contents of the syringe (L18 peptide) were added sequentially in 6-l aliquots to the reaction cell (0.025 mM cpSRP43 alone or a 5:1 mixture of cpSRP54 pep and cpSRP43) at an interval of 120 s. The titration curves were corrected by performing appropriate blank titrations. The data were analyzed using Origin (MicroCal Inc.). The raw ITC data were individually fitted to the oneset-of-sites binding model.
Results and Discussion
Cysteine Mutation and Adding Fluorescent Labels to cpSRP43 Do Not Hinder Integration of LHCP-To study the interdomain dynamics of cpSRP43 by smFRET, double cysteine mutants were labeled using commercially available maleimidefunctionalized dyes; Alexa Fluor 488 was used as the donor, and either Alexa Fluor 546 or Alexa Fluor 594 was used as the acceptor dye. Two acceptors were used to verify that the results were independent of the choice of dye pair (data not shown as they are identical to Fig. 4 ). Fig. 1a shows the domain structure of cpSRP43. Wild-type cpSRP43 has two endogenous cysteines, one in Ank2 and the other in CD2. Hence, labeling of the CD2 and Ank2 domains was accomplished using the wild-type cysteine positions. Other double cysteine mutants were designed, expressed, and purified as described in Table 1 to result in cpSRP43 with one cysteine residue in each domain of interest. The various domain combinations examined by donor/acceptor labeling of endogenous or introduced cysteine residues are shown in Fig. 1b : Ank2/CD3 (P1), Ank2/Ank4 (P2), Ank2/CD2 (wild type, P3), CD2/CD3 (P4), and CD1/Ank2 (P5). Additionally, we also produced a truncated version of cpSRP43 in which only the CD2-CD3 domains were expressed (i.e. the domains CD1-Ank4 were deleted) but where the same labeling sites as P4 were used that we refer to here as P4⌬. Fig. 1c shows the results of LHCP integration assays, in which fluorescently labeled single cysteine mutants of cpSRP43 that had been incubated with a 100-fold excess of dye were used to reconstitute integration of radiolabeled LHCP into isolated thylakoids in the presence of cpSRP54, cpFtsY, and GTP. It was confirmed using HPLC-coupled electrospray ionization-MS analysis that the labeling efficiency for all single cysteine proteins was 70 -100% (data not shown). Previously, Goforth et al. (46) showed that when an inactive fraction of cpSRP43 is present in the sample the integration efficiency of LHCP decreases, demonstrating that labeling of cpSRP43 with fluorescent tags at the designed sites had no detectable influence on cpSRP43-mediated protein interactions (i.e. cpSRP54, LHCP, and Alb3) that are required for targeting and insertion of LHCP into thylakoid membranes. This result helps ensure that the subsequent smFRET experiments probed physiologically relevant protein conformations.
Affinity of cpSRP43 to cpSRP54 Is Not Affected by Fluorescent Labeling or Truncating cpSRP43-We used fluorescence correlation spectroscopy to measure the diffusion coefficient of fulllength and truncated (with the CD1-Ank4 domains deleted) cpSRP43 as a function of added cpSRP54 (Fig. 2) . The fitted diffusion constant (47) of the fluorescently labeled P4 decreased from 68 to 51 m 2 /s, and P4⌬ decreased from 116 to 64 m 2 /s upon addition of cpSRP54, verifying that both labeled fulllength and truncated cpSRP43 did indeed bind cpSRP54. It is worth noting that, although the fluorescence correlation spectroscopy curves do not appear to show a significant shift as displayed, the x axis is plotted as a logarithmic scale. The shift was able to be reasonably extracted from the fits, and these diffusion coefficients are in good agreement with calculations based on the molecular weights of the proteins and protein complexes (48) . cpSRP54 comprises three domains: the N-ter-FIGURE 1. a, the arrangement of domains in cpSPR43. b, the amino acid positions used for fluorescence labeling highlighted in red for five double Cys cpSRP43 proteins (labeled P1-P5). The structure for the CD1-Ank1-4-CD2 region is taken from Protein Data Bank code 3UI2, and the structure for CD3 is taken from Protein Data Bank code 1X3P. c, LHCP integration assays confirming that fluorescently labeled cpSRP43 is able to transport and integrate LHCP into thylakoid membranes. TP, translation product; ϩ, positive control with native cpSRP43/54; Ϫ, negative control with no cpSPR43/54; Ank2, WT cpSRP54 ϩ Ank2 labeled cpSRP43; Ank4, WT cpSRP54 ϩ Ank4 labeled cpSRP43; CD2, WT cpSRP54 ϩ CD2 labeled cpSRP43; CD3, WT cpSRP54 ϩ CD3 labeled cpSRP43. minal domain is termed N followed by the G domain and then the M domain (4). It was previously reported that the isolated CD2 domain of cpSRP43 binds to the M domain of cpSRP54 with high affinity (38) , so it was expected that the truncated cpSRP43 would still bind cpSRP54. In fact, CD2 binds to only a critical 13-residue peptide sequence from the M domain (cpSRP54 pep ) (49) albeit with reduced affinity. By fitting the fraction of species with the diffusion coefficient of the unbound cpSRP43 compared with the fraction of species with the diffusion coefficient of the bound cpSRP43-cpSRP54 complex for each concentration of cpSRP54 added, we were able to plot the fraction of bound complex as a function of cpSRP54 concentration to determine the K d value. We found the K d value of cpSRP54 to full-length cpSRP43 and to truncated cpSRP43 to be 95 Ϯ 73 and 158 Ϯ 32 nM, respectively. These values are in agreement with previously published ITC data (38) and show that neither labeling nor truncation of cpSRP43 significantly affects its affinity for cpSRP54. Characterizing Zero FRET Peak, Nonspecific Labeling, and Rotational Mobility of Dyes on cpSRP43-For smFRET data presentation, the zero FRET peak was subtracted. To ensure that our zero FRET subtraction did not affect the shapes of the smFRET histograms, we performed control experiments on Pro 10 and Pro 20 polypeptides in which cysteine residues are added at the N and C termini. The resulting smFRET histograms that we measured for these polypeptides were essentially identical with previously published data on these same polypeptides with the same FRET dye pair (50) (Fig. 3, a and b) . The zero FRET peaks were the same for the polypeptides and our cpSRP43 proteins, allowing for their easy subtraction (Fig. 3, c  and d) . We also used a cysteine-free mutant of cpSRP43 to determine the influence of nonspecific labeling on smFRET. The cysteine-free mutant and the double cysteine mutants of cpSRP43 were diluted to the same concentration, and fluorescent bursts were collected for the same length of time. The smFRET histograms for two of our double cysteine cpSRP43 proteins overlaid with the cysteine-free cpSRP43 are shown in Fig. 3 , e and f. These figures represent the minimum and maximum amount of nonspecific labeling observed. The cysteinefree mutant showed between 17 and 30% of the number of bursts compared with the double cysteine mutants, but unlike the double cysteine mutants, all these bursts showed up only in the high FRET region. Therefore, differences in the smFRET histograms of the various cpSRP43 proteins can be reasonably assigned to specifically labeled cpSRP43. More importantly, the addition of cpSRP54 did not affect the smFRET histograms of the nonspecifically labeled proteins, verifying that changes in the smFRET histograms of cpSRP43 proteins are indeed the result of cpSRP54 affecting their dynamics.
Single molecule polarization anisotropy measurements were performed on all dye-labeled single cysteine proteins and compared with free dye to ensure that all attached dyes had free rotational mobility, i.e. that the 2 values were the same for the different cpSRP43 proteins. If the transition dipole moment of the dye rotates fast compared with its emission lifetime, the average polarization anisotropy of the emission will be zero. The polarization anisotropy, r, is calculated from individual bursts (diffusing molecules) using Equation 1 .
The average r for each of the labeled cpSRP43 proteins is less than 0.05 (Fig. 3, g and h) with similar standard deviations, comparable with that of the free dye. These results verify that the fluorophores rotate just as fast when conjugated to the protein as they do when they are free in solution, leading to com- plete statistical averaging of their orientation resulting in 2 ϭ 2/3. Moreover, 2 was found not to be affected by binding of cpSRP43 to cpSRP54. Although there is a slight anisotropy broadening of the dye in the Ank4 domain upon binding cpSRP54, it must be noted that 1) the average anisotropy value is still close to zero and 2) to maintain statistical averaging of the orientation factor in FRET ( 2 ϭ 2/3) only one of the dyes need to be freely rotating because averaging of the orientation factor takes place over the axis connecting the transition dipole moments of the two dyes. This ensures that wide smFRET histograms do result from protein structural heterogeneity and not from 2 variations. cpSRP43 Domains Show Varying Degrees of Structural Dynamics-Using the molecular envelope structure of cpSRP43 from the published SAXS structure (15), we estimated the interfluorophore distance, R, for each of the doubly labeled proteins and using the Förster distance for the dye pairs used (Alexa Fluor 488/594, R 0 ϭ 60 Å; Alexa Fluor 488/546, R 0 ϭ 64 Å) calculated the expected FRET efficiency from Equation 2.
All the proteins studied here were expected to show high FRET (Ͼ0.8) with the exception of P1 (labeled in Ank2 and CD3), which was expected to show intermediate FRET efficiencies of ϳ0.55. Fig. 4a shows the smFRET histograms obtained from each of the freely diffusing cpSRP43 proteins (P1-P5; each at 200 pM concentration) in the absence (red curves) and presence (blue curves) of excess (100 nM) cpSRP54. The insets of Fig. 4a show schematics of the labeled proteins. The donor-only peak at zero FRET has been subtracted for clarity. The gray shaded peaks that are overlaid on the histograms in Fig. 4 show the expected smFRET distributions for each protein based on a rigid configuration as measured by SAXS (15) where the only contribution to the width is the (Poisson) shot noise of the fluorescence signals. All proteins show much wider smFRET histograms than expected if cpSRP43 was rigid. Wide smFRET histograms represent variations in the measured FRET efficiency from molecule to molecule. There are two possible origins for the variations in FRET efficiency: variations in the orientation factor, 2 , between the dyes or heterogeneity in the protein structure. The data in Fig. 3 exclude the orientation factor playing a role, therefore leading to the conclusion that structural heterogeneity is responsible for the variations in FRET efficiency.
To determine whether the structural heterogeneity is static or dynamic in origin, we immobilized cpSRP43 on PEG-modified glass surfaces using a biotin-streptavidin linkage and measured the smFRET efficiency as a function of time for a number of single molecules. Fig. 5 shows typical single molecule fluorescence traces from the donor and acceptor dyes in three of the cpSRP43 proteins (P4, P4⌬, and P3) as well as their calculated time-resolved FRET efficiency. Other cpSRP43 proteins showed similar smFRET traces. It is clear that these traces are noisy and that unambiguous conclusions cannot be drawn. However, we determined the Pearson correlation coefficient for these traces to be moderately negative (ϳϪ0.2), indicating that anticorrelated FRET processes are occurring. A more detailed analysis of such traces to extract quantitative dynamics is beyond the scope of this study and will be the subject of future studies, as will reducing the noise of such traces. However, these results provide support that single, immobilized cpSRP43 proteins undergo FRET changes, indicating that at least some of the structural heterogeneity is dynamic.
We carefully examined the shapes of the histograms of the cpSRP43 proteins in the absence of cpSRP54 (Fig. 4a, red curves; the effect of cpSRP54 binding (blue curves) will be discussed later). P1 has labels placed relatively far apart (Ank2-CD3) and was expected to show a FRET histogram centered at ϳ0.55, but a whole range of FRET efficiencies was observed. This result indicates that the Ank2 and CD3 domains move close to and far from each other. This type of interdomain movement will be referred to as "flexibility" hereafter to more succinctly convey this idea. For the other proteins, the labels were all expected to be relatively close to each other and were thus expected to all show high FRET efficiencies of approximately the same value (0.85-1.0). Therefore, comparing the relative shapes of these histograms will allow us to identify regions of higher or lower flexibility; a narrower histogram implies a less flexible region. In P2, one label is placed in Ank2, and the other is placed near the end of the ϳ25-Å-long ␣-helix at the C terminus of Ank4. We observed that P2 is more flexible than one would anticipate considering the arrangement of these domains in the crystal and SAXS structures (15, 17) . When one label is kept in Ank2, but the other label is moved from Ank4 to CD2 (P3; the wild-type protein), the smFRET histogram is not any wider than that of P2, indicating that the flexibility of the Ank2-Ank4 region is about the same as that of Ank2-CD2. This suggests that the Ank4-CD2 region is relatively rigid. Placing the labels in CD2 and CD3 (P4) led to a moderately wide smFRET histogram but one that is less so than either the Ank2-Ank4 (P2) or the Ank2-CD2 (P3) histogram. Because P1 probes the combined domains of P3 and P4, it can be concluded that the extremely high flexibility observed in P1 partially arises from both flexibility between CD2 and CD3 and from flexibility in the Ank2-CD2 region, which in turn is dominated by flexibility in the Ank2-Ank4 region.
We also investigated the flexibility between the CD2 and CD3 domains in the absence of the CD1-Ank4 regions (P4⌬) to test whether any interaction between these two chromodomains and the ankyrin domains affects the observed flexibility in CD2-CD3. It was found that the smFRET histogram of the labeled CD2-CD3 truncated cpSRP43 (P4⌬) was similar to the full-length cpSRP43 (P4), indicating that the flexibility between CD2 and CD3 is not affected by potential interactions of CD2 and/or CD3 with the CD1-Ank4 region in the full-length cpSRP43. This is in agreement with the fact that cpSRP54 binds with high affinity to isolated CD2 domains (38) .
Finally, placing the labels between CD1 and Ank2 (P5) showed the narrowest FRET histogram, although it is still wider than the shot noise-limited width (gray peak), which shows that this region also has moderate flexibility. Clearly, the N-terminal portion of cpSRP43 between CD1 and Ank2 does not show as much flexibility as the C-terminal portion. Because the C-terminal portion (i.e. after Ank2) has known binding sites for both cpSRP54 and LHCP, we hypothesized that the flexibility of cpSRP43 may be affected by binding cpSRP54 and in turn affect its affinity for the LHCP substrate.
Binding of cpSRP54 Reduces the Flexibility of Certain Regions of cpSRP43-The smFRET distributions of the cpSRP43 proteins after adding cpSRP54 are also shown in Fig. 4a (blue  curves) . The difference histograms (complexed cpSRP43-cpSRP54 minus free cpSRP43) are provided in Fig. 4b below each panel. Upon cpSRP54 binding, the Ank2-CD3 (P1) smFRET distribution remains very wide with only a slight increase in the high FRET peak. The CD1-Ank2 region of cpSRP43 (P5) also shows little to no change in the smFRET upon binding cpSRP54, indicating that the N-terminal portion of cpSRP43 is structurally unaffected by binding to cpSRP54. However, for the other proteins (P2, P3, P4, and P4⌬), there is an increase in the higher FRET values and a decrease in the lower FRET values, consistent with compaction and decreased flexibility in these regions of the protein. The M domain of cpSRP54 is known to bind strongly to the CD2 domain of cpSRP43 so it is not particularly surprising that P3 and P4 (and P4⌬) show changes in FRET. It was more surprising that the Ank2-Ank4 region (P2) showed one of the largest changes in smFRET, indicating a significant decrease in flexibility in this region of the protein upon binding cpSRP54. It is worth noting here that the Ank2-Ank4 region contains residues that bind the L18 motif of LHCP (17) . The significance and implications of this will be discussed later.
Molecular Dynamics (MD) Simulations Lend Support for Multiple Conformational
States in cpSRP43-All-atom and SBCG simulations were run to lend support to the observations based on FRET data that cpSRP43 is a very flexible protein.
All-atom simulations were run using the crystal structure of the CD1-Ank-CD2 portion of the protein (Protein Data Bank code 3UI2) in the presence and absence of the cpSRP54 peptide for a total of 100 ns each to examine the changes in the motion(s) of CD2 relative to CD1-Ank4 upon binding to cpSRP54. Movies of these simulations are provided in the supporting information (supplemental Movie S1 and S2, respectively). From these trajectories, the interdomain distance between the C␣ atoms of the labeled residues in Ank2 and CD2 was extracted as a function of time (Fig. 6a) . Fig. 6a shows that the flexibility of the protein in this region is significantly reduced when the cpSRP54 pep is bound.
Shape-based coarse graining of a protein structure allows for the assignment of clusters of atoms to a set of beads that inherit the aggregate properties of the atoms assigned to it, helping to reduce the system size and achieve significantly increased simulation time scales. The SBCG simulations included CD3 and were run for 20 s to reach time scales similar to those of the FRET experiments. The bead connectivity was adjusted to match the shape of cpSRP43. Based on the shape, the final selected construct included relatively flexible linkers between Ank4 and CD2 and between CD2 and CD3 (Fig. 6b ). An additional construct was prepared via the addition of a restricting bond between the terminal Ank4 bead and a bead in CD2 to mimic the effect of the cpSRP54 peptide, which is known to bind to this region. Importantly, because of the close association of the ankyrin repeats in the crystal structure, Ank4 beads included bonds to its adjacent Ank3 beads. This was necessary due to the nature of the model building. It was not reasonable to assign Ank4 atoms to a single bead based on this structure, and it underscores a major difference in the potential of Ank4 movement versus the flexibly linked domain architecture of CD2 and CD3. Example movies of the course grained modeling are provided in the supporting information (supplemental Movies S3-S5). Three major conformations, which are denoted as "closed," "open," and "extended," were identified (Fig. 6c) . The open conformation bears the closest resemblance to the published SAXS structure of cpSRP43 (15) . The closed structure is characterized by a strong interaction between CD3 and Ank4, and the extended structure depicts a particularly large interdomain separation between the Ank domains and CD3. The closed conformation was observed in both simulations (i.e. whether the peptide constraint between Ank4 and CD2 was applied or not; supplemental Movies S4 and S5), suggesting that binding of cpSRP54 does not hinder the ability for CD3 to interact with Ank4. However, the relative orientation of the CD2 domain to the CD3 is affected by cpSRP54 binding.
Distances between the beads representing the residues in which cpSRP43 was labeled in the smFRET experiments were measured and plotted as a function of time. Fig. 6d shows example traces highlighting transitions between the three dominant conformations. P1, which probes the distance between the C␣ atoms on the labeled residues in Ank2 and CD3, shows states with distances at ϳ42, 65, and 88 Å. These three distances between the labeled residues in Ank2 and CD3 describe the major conformations that we classified as closed, open, and extended, respectively. It must be noted here that the orange trace in Fig. 6 does start at a distance of 65 Å (open), but there is a rapid decrease to 42 Å (closed) within the first few bins that is not easily visible on this time scale. P3 probes the distance between residues in Ank2 and CD2 with the three major conformations at ϳ40-, 50-, and 55-Å inter-residue separation. P4 shows major conformations with distances between residues in CD2 and CD3 at ϳ22, 30, and 46 Å, respectively. The simulations did not identify significant distance changes between the residues labeled in Ank2-Ank4 (P2) or CD1-Ank2 (P5) due to the limitations in bead connectivity described above. Multiple transitions between the three major conformations were not observed in a single trace, indicating that these states were long lived compared with the 20-s simulation time scales. Therefore, in this study, we limit our discussion only to the fact that the SBCG model supports the existence of various states that underlie the structural dynamics observed in smFRET without consideration of their relative stabilities. Although the three main conformations identified from the modeling may lend support, at least in part, to the fact that low, mid, and high FRET efficiencies might be observed due to the closed, open, and extended conformations, respectively, more refinements to the model are needed to make more robust conclusions. Future studies will examine the relative stabilities of the states in more detail and further refine the SBCG model toward this end.
Reducing the Flexibility of cpSRP43 upon Binding to cpSRP54 Increases Its Affinity for the LHCP Substrate-LHCP transport and integration into the thylakoid membrane is a multistep process involving both sequential and concurrent protein-protein interactions among cpSRP43, cpSRP54, LHCP, cpFtsY, and Alb3. The formation of the ternary cpSRP43-cpSRP54-LHCP transit complex in the chloroplast stroma is the first key step in this process (11) . Cross-linking experiments have shown that the N-terminal portion of transmembrane domain 3 in LHCP binds to cpSRP43 independently of the presence of cpSRP54 (17) . Our smFRET results showed that the regional flexibility of cpSRP43 is reduced, particularly between Ank2 and Ank4. Two hydrophobic grooves were identified in the crystal structure of cpSRP43 (17) , one groove between Ank2 and Ank4 (groove 1) and the other between CD1 and Ank1 (groove 2) as shown in Fig. 7a . Residues that are known to interact with both the L18 domain of LHCP and cpSRP54 pep are in the Ank2-Ank4 region of the protein. MD simulations showed that the root mean square fluctuations of the C␣ atoms at the interaction sites of both L18 and cpSRP54 pep in cpSRP43 decreased upon binding cpSRP54 pep (Fig. 7b) . smFRET experiments showed that cpSRP54 pep reduces the flexibility of cpSRP43 in the Ank2-Ank4 region in a similar way to the full-length cpSRP54 (Fig.  7c) albeit to a lower extent. The combination of smFRET data and MD simulations led us to hypothesize that the affinity between cpSRP43 and the L18 domain of LHCP is increased by the reduced flexibility caused by cpSRP54 binding. To test this hypothesis, ITC experiments were performed between cpSRP43 and L18 in the absence and presence of cpSRP54 pep . The ITC data for the binding of L18 to cpSRP43 in the absence and presence of cpSRP54 pep is shown in Fig.  7d . There is a ϳ3-fold increase in the affinity between cpSRP43 and L18 after cpSRP54 pep is bound. Because cpSRP54 pep changes the smFRET of cpSRP43 to a lower extent than fulllength cpSRP54 (Fig. 7c) , it is possible that other residues of cpSRP54 are involved in interactions with cpSRP43, and the 3-fold increase in affinity may actually be an underestimation of the effect of cpSRP54 binding on the LHCP affinity. However, it must also be noted that this change in affinity is only to the L18 loop region of LHCP, and other regions of LHCP may be involved in the interaction with cpSRP43 and/or cpSRP54 that may serve to either increase or decrease this effect. Clearly, more work on measuring the affinity changes of the other domains is needed.
Functional Implications for LHCP Targeting-The central role of cpSRP43 in LHCP post-translational targeting has been highlighted by a range of studies. cpSRP43 alone, but not cpSRP54, is able to solubilize LHCP aggregates in vitro (15, 21) . Although the CD1 domain of cpSRP43 is not required for binding LHCP in the water-soluble transit complex, it is required for LHCP integration and is involved in regulating the GTP hydrolysis rates of cpSRP54/cpFtsY (46) . Clearly, cpSRP43 is absolutely necessary both for forming the water-soluble LHCP transit complex and for membrane integration. In fact, the ability of cpSRP43 to interact with both LHCP and the Alb3 integrase FIGURE 7. a, CD1-Ank4 region of cpSRP43 highlighting the relationship between the FRET labels in P2 and P5 with groove 1 to which the L18 motif binds and groove 2. b, root mean square fluctuations (RMSF) in the C␣ atoms of residues in the Ank2-Ank4 region in the absence (red) and presence (blue) of cpSRP54 pep . The L18 and cpSRP54 pep interaction residues on cpSRP43 are shown on the x axis. c, smFRET histograms for P2 in the absence (red) and presence of different concentrations of cpSRP54 pep (green, 100 nM; orange, 100 M). No significant difference between adding 100 nM or 100 M cpSRP54 pep was observed, suggesting that the change in the smFRET of P2 is already saturated at 100 nM cpSRP54 pep . For comparison, the smFRET of P2 ϩ 100 nM cpSRP54 protein (blue) is shown. d, ITC data for the addition of L18 to cpSRP43 in the absence (left) and presence (right) of cpSRP54 pep .
supports the operation of a less efficient LHCP targeting pathway that functions in the absence of cpSRP54 (19, 21) . It was found that plants lacking both cpSRP54 and its membrane receptor cpFtsY recover to a great extent from the chlorotic phenotype observed when cpFtsY alone is missing (51) . Hence, cpFtsY is only required when LHCP is targeted by a cpSRP43-cpSRP54 dimeric complex. Therefore, the role of the two GTPases, cpSRP54 and cpFtsY, is to increase the efficiency of LHCP routing conducted by cpSRP43 and Alb3. The data presented in this study demonstrate that one role of cpSRP54 is to promote LHCP binding to cpSRP43 by reducing interdomain protein dynamics in cpSRP43. Two grooves were identified in the crystal structure of cpSRP43 (17) . Our P2 and P5 proteins were designed to separately probe these two grooves (Fig. 7a) . Based on the smFRET results for P2, altering the structure of groove 1 in the Ank2-Ank4 region of cpSRP43 is a strong candidate for the source of improved binding of the LHCP substrate.
A strong interaction of CD3 with the Ank4 region was found by SBCG MD simulations to form a closed conformation. It is interesting to speculate that this interaction helps to effect a conformational change in groove 1. The interaction of cpSRP54 with cpSRP43 still allows the closed, open, and extended structures to be sampled as evidenced from the wide smFRET histogram for P1. It has been postulated that a portion of the transmembrane domain 3 helix in LHCP also binds to cpSRP54 (17) . Because LHCP binding to cpSRP fails to occur when the L18 region of LHCP is mutated, LHCP binding to cpSRP is undoubtedly a multistep process initiated by L18 binding into groove 1, which cpSRP54 helps to promote. Other portions of LHCP interacting with groove 2 on cpSRP43 and cpSRP54 would follow, although the order of these interactions is uncertain. The continued flexibility of cpSRP43 after binding cpSRP54 may be necessary to allow LHCP to form these favorable interactions with both cpSRP43 and cpSRP54, extending an earlier model proposed by Sinning and co-workers (17) to include structural dynamics in the formation of the transit complex. Finally, it is speculated that downstream interactions of cpSRP43 in the transit complex with Alb3 may be connected to interdomain structural dynamics that enable both efficient binding of cpSRP43 to Alb3 and release of LHCP from cpSRP to Alb3 at the thylakoid membrane. The fact that cpSRP43 alone binds LHCP albeit with a lower affinity and subsequently integrates it into the thylakoid membrane by a cpSRP54-independent pathway could suggest that cpSRP54 may have evolved in chloroplasts after cpSRP43 as a way to improve LHCP binding to the SRP and subsequent integration efficiency. A combination of smFRET, MD simulations, and thermodynamic measurements is a powerful approach that will help further identify the roles of protein dynamics in protein targeting mechanisms.
Summary and Conclusions-We have used a combination of smFRET, MD simulations, and ITC to relate the interdomain structural dynamics of cpSRP43 to its function in post-translational targeting of LHCP. Three major conformations were speculated, open, closed, and extended, which lead to cpSRP43 showing a high degree of flexibility across the whole protein.
Certain regions showed decreased flexibility upon binding to its cpSRP binding partner, cpSRP54, particularly in the Ank2-Ank4 and CD2-CD3 regions. We demonstrated that this decreased flexibility upon binding cpSRP54 is connected with an increased affinity of cpSRP43 to the L18 motif of LHCP. These results support a model in which changes in the flexibility of cpSRP43 are related to its ability to bind multiple substrates and promote its post-translational targeting function and may provide a clue that the evolutionary development of cpSRP54 in the chloroplast protein targeting pathway may have come after the cpSRP43 pathway as a way to improve targeting efficiency.
